We investigated the thermodynamic property of the heavy fermion superconductor UTe 2 in pulsed high magnetic fields. The superconducting transition in zero field was observed at T c =1.65 K as a sharp heat capacity jump. Magnetocaloric effect measurements in pulsed-magnetic fields obviously detected a thermodynamic anomaly accompanied by a first-order metamagnetic transition at µ 0 H m =36.0 T when the fields are applied nearly along the hard-magnetization b-axis. From the results of heat capacity measurements in magnetic fields, we found a drastic diverging electronic heat capacity coefficient of the normal state γ N with approaching H m . Comparing with the previous works via the magnetic Clausius-Clapeyron relation, we unveil the thermodynamic details of the metamagnetic transition. The enhancement of the effective mass observed as the development of γ N indicates that quantum fluctuation strongly evolves around H m ; it assists the superconductivity emerging even in extremely high fields.
The occurrence of unconventional triplet superconductivity (SC) in ferromagnetic (FM) compounds begins with the discovery of superconductivity in UGe 2 1) with the singularity that SC emerges just at the crossing between two FM phases (FM2 and FM1) at a pressure P x ∼ 1.2 GPa; it collapses on entering in the paramagnetic (PM) ground state above P c ∼ 1.6 GPa. Lowering the Curie temperature in UGe 2 (T Curie = 52 K) and URhGe (T Curie = 9.5 K) leads to the opportunity to modify the ferromagnetic interactions by the magnetic field. 2, 3) A spectacular phenomenon observed in URhGe 4) is that transverse magnetic field (H b, hard magnetization axis) with respect to the ferromagnetic sublattice magnetization (M ∼ 0.4 µ B , H c-axis, easy-magnetization axis) pushes T Curie to zero at a spin-reorientation field µ 0 H R ∼ 12 T and the field-reentrant superconductivity (RSC) appears between 8 to 13 T. 5, 6) The origin of RSC is the field enhancement of the effective mass m * , 7, 8) which may result from the combined effects of ferromagnetic fluctuations and Fermi surface instabilities associated with the Lifshitz transition. 9) Metamagnetic transition in itinerant ferromagnetic materials is often connected with the so called wing structure of PM-FM boundary close to the critical pressure P c in the phase diagram. In uranium compounds, well-known cases are UGe 2 10, 11) and UCoAl, 12, 13) when the field is applied along the Ising easy-magnetization axis. As it is known in URhGe, a new key phenomenon in UTe 2 is the field evolution of the magneto-crystalline energy.
The new feature with the discovery of SC in UTe 2 is that the ground state in the normal state is paramagnetic at the verge of FM order. [14] [15] [16] When the field is applied along the b-axis in the orthorhombic structure, a sharp metamagnetic transition occurs at µ 0 H m = 35 T, [17] [18] [19] leading to a polarized ferromagnetic phase with a huge jump ∆M ∼ 0.6 µ B of the magnetization, 17) which is six times larger than that of URhGe (∆M ∼ 0.1 µ B ). 5) In UTe 2 , at low field, the easymagnetization axis is now a-axis; above H m the b-axis be- * imajo@issp.u-tokyo.ac.jp comes the easy-magnetization axis. The strong enhancement of SC is observed as the field increases towards H m . 19, 20) Our aim is to present direct heat capacity measurements down to 0.8 K at lower temperature, comparing with the previous estimation of the field variation of m * . We focus on the field dependence of the linear temperature term of the heat capacity (γ N ), which is proportional to the effective mass m * , that is, m * = m * * + m b , where m b is the band mass and m * * is the correlation mass driven by ferromagnetic fluctuations but also by additional Fermi surface instabilities at H m . The coupling constant of the Cooper pair is given by λ = m * * /m b .
2)
A single crystal of UTe 2 was grown using chemical vapor transport method. 14, 15) Measurements of heat capacity on the single crystal of UTe 2 , weighing 444.6 µg, were performed by the quasi-adiabatic method [2] [3] [4] in highly stabilized magnetic fields 1) generated by a long pulse magnet at the Internatonal MegaGauss Science Laboratory of the Institute for Solid State Physics of the University of Tokyo. The details of the heat capacity measurements are described in the supplemental materials.
25) The b-axis of the sample was parallel to the direction of the applied field within an accuracy of a few degrees. Measurements of magnetocaloric effect on the same single crystal were also performed by using the same calorimeter. This measurement can be regarded as both nearly isothermal and adiabatic conditions depending on the time scale of magnetocaloric effect. For a sudden magnetocaloric effect enough less than the external relaxation time τ 1 , the field dependence of temperature T (H) mimics an adiabatic (isentropic) process.
As a first characterization of the low-temperature electronic state, we report the temperature dependence of the heat capacity at 0 T in Fig. 1 with the electronic heat capacity coefficient of the normal state γ N and the lattice heat capacity coefficient β. The blue dotted curve represents a lowtemperature extrapolation by C p /T =γ * +αT 2 , where γ * denotes the residual electronic heat capacity coefficient of the superconducting state and the T 2 term corresponds typical quasi-particle excitation expected for point-node superconductors.
value of γ N agrees well with the reported values. 14, 15) The sharp thermodynamic anomaly accompanied by the superconducting transition is also reproduced consistently with the previous works, 14, 15) which confirms the bulk superconductivity and the high quality of the present sample. The height of the heat capacity jump at T c , ∆C p /γ N T c may appear to reach about 1.6, which is slightly larger than the value, 1.43, expected for the BCS-type weak-coupling superconductivity. At lower temperatures, the early reports succeed to represent the temperature dependence by using C p /T =γ * +αT 2 , which is known as the temperature dependence of C p in the pointnodal superconductors with the residual electronic heat capacity coefficient γ * . A least square fit to our data over the temperature range 0.7 K to 1.2 K yields γ * = 53.0±1.6 mJK −2 mol −1 , in good agreements with the previous reports. 14, 15) If the half of the density of states in the normal state is related with the formation of the superconductivity, the height of the heat capacity jump at T c gives ∆C p /(γ N − γ * )T c = 2.8; a solid evidence for the strong-coupling superconductivity in UTe 2 .
Next we turn our attention to the focus of this work, namely, understanding of the thermodynamic property of the metamagnetic transition. Figure 2 shows the magnetocaloric effect observed in smoothly changing magnetic fields. A sudden temperature step in the ascending part of the field pulse ∆T up is observed at ∼36.1 T, attributable to the metamagnetic transition, while the step is again detected at ∼36.0 T in the descending process as ∆T down . The sign of the temperature steps for both ascending and descending magnetic fields is positive, implying that the metamagnetic transition is considered as a first-order phase transition which release a large hysteresis loss as well as a latent heat. 26) The difference between the The time scale of the heating is ∼10 ms that is much less than τ 1 , implying that the temperature change at the phase boundary can be treated as a nearly adiabatic process.
temperature steps, ∆T up and ∆T down , could be explained by the latent heat concomitant with the first-order phase transition because the sign of the entropy change and thus the sign of heat release are opposite depending on whether the field is in the descending or ascending field pulse. From the MCE experiment, we also notice that the present value of the critical field of 36.0-36.1 T is slightly higher than the reported values of µ 0 H m (∼34.9 T, 17) ∼35.5 T, 18) ∼35 T 19) ). The deviation of the transition field can be caused by the small misalignment of the applied magnetic fields from the crystallographic b-axis. The angle dependence of H m has been recently reported. 19) In order to further explore the metamagnetic transition, we carried out the heat capacity measurements in pulsed magnetic fields up to 38.1 T, which are shown in Fig. 3 . At 11.5 T, the higher temperature tail associated with the superconducting transition still remains below 1 K. The persistence of the superconductivity against magnetic fields agrees with the exceptionally high upper critical fields, 14, 15, 19, 20) in which the RSC up to H m were reported for the perfect field-alignment along b-axis. In the normal state, the intercepts of C p /T at T = 0 K progressively increase as field increase and show a peak at H m , followed by the decrease at higher fields. Since the intercept of C p /T directly corresponds to γ N , this indicates that γ N shows a peak at H m . We should point out that the present C p data above H m are missing below 1.5 K due to the large heating effect at H m as shown in Fig. 2 . One can still extrapolate the data and confirms that the γ N decreases on the either side of H m . In order to follow the field dependence of γ N in more detail, we present the normalized electronic contribution γ N (µ 0 H)/γ N (0 T) as a function of the normalized magnetic field H/H m in Fig. 4 . For comparison with earlier works, the normalized electronic contribution estimated by the magnetization measurement, 17) and the square root of the normalized quadratic term A of the electrical resistivity 18) are also shown in Fig. 4 . Here, the No contribution from the nuclear heat capacity was observed for the present study. square root of A is assumed to be proportional to the electronic heat capacity coefficient γ N for a Fermi-liquid system, following the Kadowaki-Woods relation, which is often obeyed in heavy fermion compounds. 27) However, through ferromagnetic-paramagnetic instability crossing the Stoner factor I = 1, A is predicted to diverge in 1/(1 − I) while γ varies as ln(1 − I). 28) Thus, the differences between √ A and γ are expected. The γ N rapidly increase with approaching H m , and the extrapolated value of γ N to H m is found to be more than twice (γ N (µ 0 H m ) ∼250 mJK −2 mol −1 ) at H m than that at zero magnetic field. The diverging behavior toward H m qualitatively agrees with the earlier reports. 17, 18) We notice however there are a few quantitative differences; the asymmetry of γ N around H m and the absolute value of γ N (µ 0 H m )/γ N (0 T). The most plausible explanation for these discrepancies is the range of the measurement temperature. This work estimates the density of state with the low temperature heat capacity from 0.8 to 2.5 K, while the resistivity (1.5 to 4.2 K) and magnetization (4.2 to 9.0 K) uses the data obtained relatively higher temperature region. The earlier magnetization and resistivity measurements assume an isothermal condition for estimating the electronic density of state from field scan data. The assumption might be broken with a rapid field sweep rate of pulsed fields, especially for UTe 2 due to the large temperature rise at H m (See Fig. 2) .
For the characterization of the metamagnetic transition, we roughly evaluate the latent heat and the hysteresis loss from the present results. At the phase transition illustrated as the shaded area in Fig. 2 , we simply assume that the sample is in an adiabatic condition because the time-scale of the phase transition is about 10 msec that is much shorter than the external relaxation time (>100 msec). In such cases, the entropy change ∆S can be expressed as the following formula, 26, 29) 
where δQ loss represents the hysteresis loss. This gives the estimates of the latent heat ∆S m and hysteresis loss δQ loss as the half of the difference between the up-sweep and downsweep results and the average of the up-sweep and downsweep results, respectively. Here, we assume the constant value of C p /T =250 mJK −2 mol −1 because C p /T is almost independent on temperature below 2 K even though the value should have some temperature, field dependences and be influenced by the difference between the up-sweep and downsweep due to the hysteresis. Since the ambiguity of the value is estimated as ∼10% by the discontinuity at H m in the inset of Fig. 4 , our estimations should be accurate within the error margin of 10%. While the latent heat of the metamagnetic transition ∆S m is given as ∼−90 mJK −1 mol −1 , the δQ loss reaches ∼320 mJmol −1 when T is about 1.5 K. Using the relation of the hysteresis loss, δQ loss = ∆M ∆H, where ∆H=0.1 T is the width of the hysteresis, the size of ∆M is given as ∆M=0.6 µ B /f.u., which is well consistent with the reported magnetization jump. 17, 19) Moreover, the ∆S m is also found to be fairly consistent with the value −70 mJK
calculated by using the magnetic Clausius-Clapeyron equation, ∆S m =−∆M(d(µ 0 H m )/dT ), with the slope of the reported phase boundary, d(µ 0 H m )/dT of 20 mT/K 17, 18) (the phase boundary is determined by the midpoints of the transition lines in the up-sweep and down-sweep processes), and the magnetization jump, ∆M of 0.6 µ B /f.u. Although these analyses depend on the sample quality and measurement condition, the fulfillment of the relation confirms the reliability of our analysis and implies that the change in the entropy is predominately the magnetic origin. If we take the latent heat as ∼−90 mJK −1 mol −1 , γ N should show discontinuity with a step at H m , where the γ N of the higher-field state (>H m ) becomes smaller than that in the lower-field state (<H m ). As seen in the inset of Fig. 4 , our data are not sufficient to clearly see the discontinuity, but the γ N of the higher-field state tends to be smaller than that of the lower-field state. This finding that the electronic entropy below the critical field is higher than that above the critical field has an implication for the nature of the high field electronic state. Figure 5(a) shows the field dependence of T SC derived from heat capacity and magnetization data by using a simplified McMillan-type formula, 2, 7, 8, 17) T SC = T 0 exp − λ+1 λ , where T 0 is a constant determined by the experimental T SC at 0 T, with a parameter chosen in Ref. 17 , assuming m b is field-independent. Figure 5(b) emphasizes the huge enhancement of the orbital limit H orb by a factor ∼ 13 close to H m , assuming H orb proportional to (m * T SC ) 2 . Let us remark that H c2 becomes closer to the applied field H in the field range between 12 and 25 T, where RSC is observed for the perfect H alignment along b-axis. For H b, superconductivity disappears above H m . Two main mechanisms are: i) change of Fermi surface with an enhancement of m b and thus a drop of λ above H m , ii) drastic decrease of the mean free path l above H m , leading to the collapse of superconductivity. A remarkable phenomenon is the jump of the magnetoresistance at 1.5 K just on entering into the polarized ferromagnetic phase. 20) If we assume that ρ just above H m is related to the electronic disorder going from PM to FM ground state, T SC (m * H )/T SC (m * H=0 ) is boosted by a factor 2, while ρ is jumped by a factor 5. It is worthwhile to remember the difficulty to evaluate A in a clean material when the crossover from collision regime to collisionless regime at ω c τ reaches 1, where ω c (= e(µ 0 H)/(m * c)) is cyclotron frequency, τ (∝ l) is the scattering life time. Fortunately just around H m , ω c τ drops by a factor near 10 due to the increase of m * and the decrease of l. In order to clarify the angular dependence of superconducting stability in the PM and polarized FM phases, important ingredients are the angular dependence of m * (µ 0 H), m b (µ 0 H) and l(µ 0 H). Note that it is established that field misalignment to a-axis leads to a fast increase of H m associated to a collapse of RSC, as it occurs in URhGe, 5) while misalignment to c-axis leads to a weak increase of H m and stabilization of a superconducting ferromagnetic domain as observed in UGe 2 . 30) From previous studies on heavy fermion compounds 31) and extensive measurements on the link between m * (µ 0 H m ) and ρ(µ 0 H m ) in URhGe, 5-8, 32, 33) the reappearance of SC in FM phase may be explained.
In summary, we studied the thermodynamic properties of the heavy fermion superconductor UTe 2 in pulsed high magnetic fields applied parallel to the b-axis so as to elucidate the details of the recently reported metamagnetic transition. [17] [18] [19] As reported in the previous works, 14, 15) we confirm the large electronic heat capacity coefficient of the normal state, γ N = 123.5±0.3 mJK −2 mol −1 , at 0 T. The sharp heat capacity jump by the superconducting transition at T c ∼1.65 K is also reproduced. From the results of the magnetocaloric effect in pulsed-fields, we detect the thermodynamic anomaly at ∼36.0 T. The heat capacity measurements in pulsed high fields reveal the diverging behavior of γ N toward H m , although the superconducting transition cannot be detected above 11.5 T due to the slight tilt of the b-axis from the field direction. Using the present results, the details of the metamagnetic transition is clarified as a first-order transition with the latent heat and hysteresis loss and we quantitatively succeed to demonstrate the magnetization work 17, 19) through the magnetic Clausius-Clapeyron relation. The significant development of γ N directly indicates the enhancement of m * linked to FM instability driven at H m . Qualitatively the RSC can be well explained by the field dependence of m * and the feedback on the electronic mean free path. As the future issues, the pairing mechanism of the superconductivity including symmetry of the gap function should be investigated. A clear continuation of our thermodynamic studies is to detect the m * (µ 0 H) singularities in the SC-FM domain detected with a misalignment along c-axis. In this supplemental material, the details of heat capacity measurements under pulsed magnetic fields are presented. Measurements of heat capacity in pulsed magnetic fields were performed in highly stabilized magnetic fields generated by the specially designed long pulsed magnet. The pulsed magnet was composed of a main coil and an additional minicoil to generate highly stabilized magnetic fields for several hundreds miliseconds with a feedback control technique. 1) Fig. S6(a),(d) show a typical magnetic field profile used for this research, where the total time duration of pulse is ∼1.3 sec. The field stability during heat capacity measurements on the top of field pulse is within ∼0.002 T. To obtain the absolute value of heat capacity, we employed the quasi-adiabatic method. [2] [3] [4] The calorimeter consists of liquid 3 He thermal bath, Pt 0.92 W 0.08 thermal relaxation wires and TiO 2 substrate to which RuO 2 resistors for a heater and a thermometer are attached. The single crystal of UTe 2 was mounted on the substrate of the calorimeter with Apiezon N grease.
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As seen in Fig. S6(d-f) , the heat capacity measurements were carried out within the stabilized field region, where each data point was obtained in 10 msec with a 1 msec heat pulse. The duration of measurement time scale of 10 ms was enough shorter than the external relaxation time τ 1 that was the order of 100 msec. The internal relaxation time of the sample τ 2 was about one millisecond as seen in the rapid thermal relaxation after the application of the heat pulse (see Fig. S6(e) ). We can avoid the effect of τ 2 by using the data after the completion of the internal relaxation as illustrated by the red dotted lines. Therefore, the present condition, τ 2 10 msec τ 1 , is suitable for the quasi-adiabatic method and the heat capacity is simply given as C p =∆Q/∆T where ∆Q and ∆T are total amount of applied heat and temperature increment, respectively.
